Two new ethynylbipyridine-linked mono-and bis-tetrathiafulvalene (TTF) derivatives, together with a Ru(II) complex, were synthesized using Sonogashira coupling reactions and characterized by UV/vis spectroscopy and cyclic voltammetry. They display a clear electrochemically amphoteric behavior consisting of two reversible single-electron oxidation waves (typical for TTF derivatives) and one reversible single-electron reduction wave (bpy) and act as donoreacceptor (DeA) systems. Furthermore, for the Ru(II) complex, a quite intense fluorescence originating from the 3 MLCT state is observed.
Introduction
Tetrathiafulvalene (TTF) and its derivatives are well-known as p electron-donor materials in the field of organic conductors.
1 As a result of progress in synthetic TTF chemistry, TTFs have been incorporated into a number of macrocyclic, molecular, and supramolecular systems in order to create multifunctional materials with desired structures, stability, and physical properties.
1e3 Therefore, considerable efforts are currently devoted to the modification of the TTF core with substituents such as pyridine-type heterocycles, 4 acetylacetonates, 5 and phosphines, 6 all of which are well tailored for a chelating coordination function toward various transition metal ions. On the other hand, TTFs are frequently used as donor units in donoreacceptor (DeA) ensembles, which are of considerable research interest due to their potential applications in sensors, optoelectronics, and molecular devices. 3, 7 DepeA systems have gained increasing attention as the p-conjugated spacer may optimize the communication between the D and A units. 3, 8 Furthermore, an acetylenic spacer can offer an excellent control of the distance between the D and A centers because of its linearity and rigidity, and concomitantly provide a synthetic handle for further elaboration of sophisticated molecular structures. 9 To gain insight into such intramolecular electronic interactions, such DeA systems containing TTFs and triple bond linkages have been studied recently.
10 For example, Martín et al. have demonstrated that through a specific exchange of C]C for C^C the long-range photo-induced electron transfer in DeA conjugates can be considerably altered. 10a Moreover, the p-conjugation is disrupted by a neutral TTF unit in TTFeOXD (OXD¼2,5-diphenyl-1,3,4-oxadiazole) hybrids. Mono-and bis(tetrathiafulvaleno)bipyridines 1 and 2 (Scheme 1) can be regarded as p-amphoteric molecules with TTF donor and bipyridine acceptor parts linked through ethynyl spacers. Herein, we report the synthesis of 1 and 2, the formation of the Ru(II) complex with 1, as well as their electrochemical and photophysical properties in order to elucidate intramolecular DeA interactions.
Results and discussion
The target compounds 1 and 2 were synthesized under typical Sonogashira coupling conditions 13 as shown in Scheme 2.
The key precursor, 2-ethynyl-TTF 3, was prepared according to the modified reported procedure.
14 The starting material, 2-iodotetrathiafulvalene, prepared by treatment of tetrathiafulvalenyllithium with perfluorohexyl iodide (PFHI), 15 reacted with trimethylsilylacetylene in triethylamine for 16 h, catalyzed by CuI and Pd(PPh 3 ) 4 at 60 C to afford 2-trimethylsilylethynyl TTF in 90% yield. The subsequent conversion to the corresponding ethynylated compound 3 is straightforward and does not require special conditions (Scheme 2). Deprotection in the presence of 5 equiv of KOH for 16 h led to 3 in 80% yield. In this case, the overall yield of 3 is remarkably improved.
The Sonogashira coupling of 3 with 5-bromo and 5,5 0 -dibromobipyridine in argon-degassed benzene/i-Pr 2 NH and catalyzed by CuI and Pd(PPh 3 ) 4 at 60 C led to the corresponding coupling products 1 and 2 in 73 and 70% yields, respectively. However, Ru(II) complexes could not be obtained by the direct coordination of [Ru(bpy) 2 Cl 2 ] with acetylenic TTF ligands 1 and 2. This problem can be circumvented by using pivotal starting materials bearing unsubstituted bpy ligands and 5-bromo-substituted or 5,5 0 -dibromo-substituted bpy ligands for performing Sonogashira cross-coupling reactions with the ethynyl fragments to provide the desired complexes in very good yields.
16 Scheme 3 outlines the synthetic route used for the generation of the Ru(II) complex 5. Unfortunately, all attempts to obtain the Ru(II) complex of 2 were unsuccessful so far.
1 H NMR, 13 C NMR spectroscopy (except for compound 2, which is not soluble enough), mass spectrometry, and satisfactory elemental analyses confirmed the identities of all new compounds.
The redox properties of compounds 1 and 5 were investigated by cyclic voltammetry (CV) measurements. Unfortunately, CV measurements of ligand 2 were not possible due to its poor solubility. The electrochemical data of 1 and 5 are collected in Table 1 waves as is typical for TTF derivatives and one reversible single-electron reduction wave for bpy. Moreover, complex 5 possesses one more reversible oxidation wave at 1.30 V, which is due to the Ru(II/III) couple. The Ru(II/III) potential is quite comparable with those of the reference compounds. The presence of the ethynylbipyridine as such does not have a substantial effect on the electron-donating ability of 1. However, upon coordination, all three redox waves are positively shifted, indicating that the presence of Ru(II) strongly decreases the electron density on the TTF and bpy units, thus making oxidation of TTF less favorable while reduction of bpy becomes easier. Furthermore, the first reduction step is shifted to a much more positive potential than that for [Ru(bpy) 3 ] 2þ , but similar to that for Ru(bpyDBT 0 ). This feature clearly indicates that the first reduction is localized on the ethynyl-substituted bipyridine ligand.
The UVevis absorption spectra of ligands 1 and 2 in CHCl 3 as well as of the Ru(II) complex 5 in CH 3 CN together with those of [Ru(bpy) 3 ] 2þ and [Ru(bpy) 2 (5-bromo-2,2 0 -bpy)] 2þ (4), are presented in Figures 1 and 2 , respectively. For the ligands 1 and 2, comparatively strong absorption bands in the blue with long tails stretching down to 15,000 cm À1 are observed. They are essentially attributed to several overlapping pp* transitions located on the TTF, but some charge transfer (CT) character involving the TTF unit(s) as donor(s) and bpy as an acceptor through the triple bond may also be present. The latter is consistent with both the shift from 35,000 cm À1 to 30,000 cm À1 for the peak maximum and the increase in absorption intensity on going from 1 to 2. The strong rise above 40,000 cm À1 is attributed to the 1 pp* transition located on the bpy.
The absorption spectrum of complex 5 shown in Figure 2 consists of a very broad low-energy absorption band with a maximum at 22,000 cm À1 (460 nm) and a very intense band at 35,000 cm À1 . The latter corresponds to the 1 pp* transition of bpy in the complex. With reference to the absorption spectra of the reference Ru(II) complexes included in Figure 2 , the band at 22,000 cm À1 can be attributed to a 1 MLCT transition. The somewhat larger absorption intensity and tail toward the red for 5 are possibly due to a contribution of the underlying intraligand CT transition.
Upon excitation at 22,000 cm À1 , complex 5 exhibits a quite intense 3 MLCT luminescence band centered at 15,500 cm
À1
Scheme 3. Synthesis of Ru(II) complex 5. (646 nm). Figure 3 shows the luminescence spectrum and the excitation spectrum of 5 as well as the corresponding spectra of the two reference complexes. The emissions from 4 and 5 are red-shifted relative to that of [Ru(bpy) 3 ] 2þ . This red shift is consistent with the fact that the substituted bpy ligands are more easily reduced compared to unsubstituted bpy, in agreement with CV results. Therefore, the enhanced electron-accepting ability and conjugation of the bpy acceptor arising from the linkage of ethynyl-TTF appears to play a role in the electronic nature of the emitting 3 MLCT state. Luminescence lifetimes and quantum efficiencies were determined for all three complexes and are summarized in Table  2 . For 5, the lifetime and quantum efficiency of the luminescence are 1048 ns and 0.014, respectively. Compared to 4 (the reference complex without ethynyl-TTF), the luminescence lifetime of complex 5 is the same within experimental accuracy, whereas the quantum efficiency is substantially lower. This results in seemingly very different radiative but almost equal non-radiative relaxation rate constants for the two complexes. At first sight, this does not make sense. In fact the key question to ask is, why isn't the 3 MLCT luminescence quenched altogether by electron transfer quenching from the TTF donor. Well, 5 actually possesses two almost equally energetic 3 MLCT states, one corresponding to a transfer of the electron to one of the non-substituted bpy ligands, the other one to a transfer to the ligand with the ethynyl-TTF substituent, the latter being just slightly lower in energy. If the unpaired electron of the 3 MLCT state is sitting on this ligand, the resulting Coulomb barrier may slow down the electron transfer from the TTF unit to the formally Ru 3þ central ion. If on the other hand the unpaired electron sits on one of the non-substituted bpy ligands, rapid electron transfer quenching from the TTF is possible in competition with electron hopping of the unpaired electron to the substituted ligand. In the absorption process, the excitation to the 1 MLCT states on either ligand and fast intersystem crossing to the corresponding 3 MLCT states occurs non-selectively. Therefore, some complexes find themselves in the 3 MLCT state with the electron residing on the substituted ligand, some in the 3 MLCT state with the electron on a naked bpy. The former will show the classic emission with a lifetime and intrinsic quantum efficiency in line with the reference compound 4, the latter will be almost totally quenched, resulting in a lower overall quantum efficiency.
Conclusion
In summary, two new ethynylbipyridine-linked mono-and bis-tetrathiafulvalene derivatives 1 and 2, together with Ru(II) complex 5, were synthesized using Sonogashira coupling reactions. They display a clear electrochemically amphoteric behavior. Interestingly, for Ru(II) complex 5, the luminescence originating from the 3 MLCT state is not quenched by electron transfer from the TTF unit to the formally Ru 3þ central ion. Furthermore, the novel feature of these promising new donors is that they contain a chelating coordination function, which provides unprecedented opportunities for the attachment of a wide range of paramagnetic transition metal ions to the donor system, leading to the formation of bifunctional materials. 4 This work is now under investigation and will be published in due course.
Experimental

Equipment
1 H and 13 C NMR spectra were obtained on a Bruker AC 300 spectrometer operating at 300.18 and 75.5 MHz, respectively: chemical shifts are reported in parts per million relative to TMS. The following abbreviations were used: s (singlet), d (doublet), t (triplet), and m (multiplet). Elemental analyses were performed on a Carlo Erba EA 1110 CHN apparatus. EI mass spectra were recorded using an Auto SpecQ spectrometer. ESI-MS was carried out with a FTMS 4.7 TBioAPEX II TOF apparatus. Cyclic voltammetry (CV) was performed in a three-electrode cell equipped with a platinum millielectrode, a platinum wire counter-electrode, and a silver wire used as quasi-reference electrode. The electrochemical experiments were carried out under dry and oxygen-free atmosphere (H 2 O<1 ppm, O 2 <1 ppm) in CH 3 CN/CH 2 Cl 2 (80:20) (0.8 mM) with Bu 4 NPF 6 (TBAP) (0.1 M) as supporting electrolyte. The voltammograms were recorded on an EGG PAR 273A potentiostat with positive feedback compensation. Based on repetitive measurements, absolute errors on potentials were estimated around AE5 mV. Photophysical measurements were performed on solutions of the ligands in CHCl 3 (c¼1Â10 À5 M) and the Ru(II) complexes in CH 3 CN (c¼1Â10 À5 M) at room temperature. For luminescence measurements the solutions were degassed by bubbling N 2 (gas) through them for 30 min. Absorption spectra were recorded on a Variant Cary 5000 UV/ vis/NIR spectrophotometer. Emission and excitation spectra were measured on a Horiba Fluorolog 3 instrument. Luminescence lifetimes were measured by exciting the samples with the second harmonic (532 nm) of a pulsed Quantel Brilliant Nd:YAG laser. The system used for detection consisted of a Spex 270M monochromator, a Hamamatsu R928 photomultiplier, and a Tektronix TDS 540B oscilloscope. The signals were detected at 620 nm.
Materials
Air-and/or water-sensitive reactions were conducted under argon using dry, freshly distilled solvents. Unless otherwise stated, all reagents were purchased from commercial sources and used without additional purification. were prepared according to literature procedures. 2-Ethynyltetrathiafulvalene was prepared according to a modified literature procedure as described in the text.
2-Trimethylsilylethynyltetrathiafulvalene
A Schlenk flask was charged with 2-iodotetrathiafulvalene (200 mg, 0.6 mmol), trimethylsilylacetylene (128 mL, 0.91 mmol), Pd(PPh 3 ) 4 (41 mg, 6 mol %) in THF, and i-Pr 2 NH, and Ar-purged. CuI (12 mg, 10 mol %) was added and the solution was heated under argon at 60 C for 16 h. After complete consumption of the starting material, the solvent was removed under vacuum. The crude product was purified by column chromatography on a column packed with silica gel, eluting with cyclohexane. The analytically pure product was obtained after recrystallization in a mixture of CH 2 Cl 2 / hexane (162 mg, 90%).
2-Ethynyltetrathiafulvalene
Solid KF (96 mg, 1.65 mmol) was added to a stirred solution of 2-trimethylsilyltetrathiafulvalene (100 mg, 0.33 mmol) in tetrahydrofuran/methanol (50 ml, 1:1 v/v). After complete consumption of the starting material (16 h), the solution was concentrated by rotary evaporation to give a crude product, which was purified by column chromatography on a column packed with alumina, eluting with a mixture of hexane/dichloromethane 99:1 to yield 2-ethynyltetrathiafulvalene (60 mg, 80%).
Compound 1
A Schlenk flask equipped with a septum, a Teflon-coated magnetic stirring-bar, and an argon inlet was charged with 5-bromo-2,2 0 -bipyridine (77 mg, 0.24 mmol) and 2-ethynyltetrathiafulvalene (55 mg, 0.24 mmol) in argon-degassed benzene/i-Pr 2 NH (5/5 ml), and finally Pd(PPh 3 ) 4 (16 mg, 6 mol %) and CuI (4.5 mg, 10 mol %) were added as a solid. The solution was heated at 60 C, until complete consumption of the starting material occurred (determined by TLC). After cooling, the precipitate was filtered and washed with two portions of water (20 ml) and two portions of diethyl ether (10 ml). 
Compound 2
Prepared following experimental conditions for 1; from 5,5 0 -dibromo-2,2 0 -bipyridine (100 mg, 0.32 mmol) and 2-ethynyltetrathiafulvalene (146 mg, 0.64 mmol), Pd(PPh 3 ) 4 (22 mg, 6 mol %), CuI (6.1 mg, 10 mol %), benzene (6 ml), and i-Pr 2 NH (6 ml); double recrystallization in a mixture of CH 2 Cl 2 /hexane to give 136 mg (70%) of 2. 
Ru(II) complex 5
In a Schlenk flask, to a stirred degassed acetonitrile/benzene (5:5 ml) solution of the precursor [Ru(2,2-bipyridine) 2 (5-bromo-2,2 0 -bipyridine)](PF 6 ) 2 (130 mg, 0.14 mmol), were added sequentially Pd(PPh 3 ) 4 (12 mg, 6 mol %), CuI (2.7 mg, 10 mol %), diisopropylamine (1.5 ml), and 2-ethynyltetrathiafulvalene (40 mg, 0.17 mmol). The mixture was heated under argon for 16 h until the complete consumption of the starting material occurred (determined by TLC). After cooling down to room temperature, an aqueous solution of KPF 6 was added and the organic solvent was then removed under vacuum. The crude precipitate was washed twice with water and once with diethyl ether, and then was purified by chromatography on alumina eluting with CH 2 Cl 2 /MeOH (99:1). The analytically pure compound was obtained by double recrystallization in a mixture of CH 2 Cl 2 /hexane (106 mg, 70%). 158.0, 157.9, 157.4, 154.3, 153.1, 152.85, 152.79, 152.6, 140.7, 140.0, 138.9, 131.0, 128.8, 128.7, 128.6, 126.0, 125.55, 125.51, 125.4, 124.9, 126.3, 120.6, 120.5, 117.7, 117.4, ] þ ). Anal. Calcd for C 38 H 26 F 12 N 6 P 2 RuS 4 : C, 42.03; H, 2.41; N, 7.74. Found: C, 42.35; H, 2.65; N, 7.94. 
